Abstract Tropomyosins (Tm) in humans are expressed from four distinct genes and by alternate splicing [40 different Tm polypeptide chains can be made. The functional Tm unit is a dimer of two parallel polypeptide chains and these can be assembled from identical (homodimer) or different (heterodimer) polypeptide chains provided both chains are of the same length. Since most cells express multiple isoforms of Tm, the number of different homo and heterodimers that can be assembled becomes very large. We review the mechanism of dimer assembly and how preferential assembly of some heterodimers is driven by thermodynamic stability. We examine how in vitro studies can reveal functional differences between Tm homo and heterodimers (stability, actin affinity, flexibility) and the implication for how there could be selection of Tm isomers in the assembly on to an actin filament. The role of Tm heterodimers becomes more complex when mutations in Tm are considered, such as those associated with cardiomyopathies, since mutations can appear in only one of the chains.
Introduction
Tropomyosins (Tm) form a large family of highly conserved a-helical coil-coiled proteins, which in mammals are expressed from four different genes TPM1-4. These four different genes are the root of the functionally diverse forms of tropomyosin that can exist but Tms are far more varied than can be predicted from simple gene diversity. Individual Tm genes can be alternatively spliced to produce two (TPM4), three (TPM2), five (TPM3) and eleven (TPM1) distinct Tm chains (Lin et al. 2008 ). Since Tm is assembled from two polypeptide chains, expression of multiple isoforms in one tissue can result in distinct populations of homo and heterodimers. (NB We will use the term dimer throughout this work to refer to the single Tm molecule containing two polypeptide chains.) Tms assemble head-to-tail along actin filaments to form a continuous chain. If multiple forms of the Tm dimer exist in a single cell then there is the potential for additional polymorphism in the assembly of mixed Tm dimers onto actin filaments. Thus heterogeneity can exist at the level of the gene, the monomeric protein chains, the Tm dimers and the assembled Tm dimers onto actin. The extent to which such heterogeneity exists in cells is not well defined. Here we will examine the evidence for the assembly of homo and heterodimers of Tm and their ability to form copolymers on the surface of actin.
Mammalian fast skeletal muscle thin-filaments express two major Tm isoforms, traditionally called ska-and skbTm, and equivalent sma-and smb-Tm isoforms are found in smooth muscle. The two a isoforms are expressed from alternate splicing of the TPM1 gene and the two b isoforms from TPM2. 1 The two polypeptide chains ska and skb form the Tm dimers skaa-, and skab-Tm in fast skeletal muscle in a 60:40 ratio (Lehrer 1975; Bronson and Schachat 1982) and in cardiac muscle cells skaa is present at [90 %. The proportion of skab varies between muscle types and species with generally a higher level of skb-Tm in larger mammals and slower muscles; however, there does not appear to be a simple correlation between speed and isoform content (Bicer and Reiser 2013) . The skbb-Tm can be assembled in vitro but has low thermal stability (Lehrer and Joseph 1987) and is not found in most muscle tissues. An excess of b-Tm over a-Tm is reported in some specific muscle tissue which requires the formation of bbTm dimers, notably the rabbit tongue (Bronson and Schachat 1982) , mouse tibialis anterior (Corbett et al. 2005) and the temporalis of some squirrels, chipmunks and turtles (Bicer et al. 2011) . Minor Tm components are also present in cardiac sarcomeres, j-Tm (ska1-1 Tm from gene TPM1) . In mammalian slow muscle the sk-aTm is replaced by ska-slow Tm (c-Tm). The a-slow Tm can form dimers with b-Tm but little is known about the ability of j-Tm to form heterodimers. Chicken gizzard muscle cells express equal amounts of sma-Tm and smbTm and form exclusively smab-Tm heterodimers (Sanders et al. 1986 ) because of greater thermodynamic stability of the heterodimer than the bb-Tm homodimer (Lehrer and Stafford 1991) .
Tms assemble head to tail along actin filaments to form a continuous chain and for the actin in the muscle sarcomere the aa-and ab-Tm are considered to co-assemble on to the same actin filament; i.e. there is a heterogeneous mixture of aa and ab along a single actin filament.
In both muscle and non-muscle cells there is a variety of cytoplasmic Tm chains that can be expressed and therefore much greater potential for both homo and heterodimer formation and polymorphism in the assembly of dimers on to the actin filament. The full extent of heterodimer formation amongst cytoplasmic Tms has not been defined although some Tms can form heterodimers. For example, the fibroblast Tm-4 and Tm-5(NM-1) Tm isoforms are able to form both heterodimers and homodimers (Temm-Grove et al. 1996) . Similarly the degree of polymorphism in Tm dimers (homodimers or heterodimers) that may assemble onto a single actin filament has not been studied in detail.
We have recently been exploring heterodimer formation in vitro for the mammalian skeletal muscle Tm and there is an extensive literature on dimer assembly in smooth muscle Tm. We will review the literature on in vitro assembly of these Tm dimers and their assembly on to actin filaments before exploring the implication of the work for the wider family of Tm isoforms.
Trigger sequences for Tm dimer assembly?
The a-helical coil-coils of Tm consist of two right-handed amphipathic chains (Crick 1953 ) with characteristic heptad repeats of seven residues denoted a to g (Sodek et al. 1972 ). There is a strong preference for small hydrophobic residues at positions a and d that form the close-packed hydrophobic core of the dimer. This core is further stabilised by electrostatic interactions across the dimer between residues at positions g and e, (McLachlan and Stewart 1976; Wolska and Wieczorek 2003) . If this were the only requirement for coiled-coil formation then it is possible to imagine the polypeptide chains being relatively promiscuous in partner selection. In fact there is a strong thermodynamic selection for coiled-coils assembled from polypeptides of equal length since this will maximise the degree of interaction between the two partners. In general coiled-coil dimers also may have distinct sites within the heptad-repeat amino acid sequences necessary for the mediation of coiled-coil formation . These short autonomous folding units, or trigger sequences, were initially identified in the Dictyostelium discoideum actin-bundling protein cortexillin I ) and the yeast transcriptional activator GCN4 . Alignment of other two-stranded coil-coiled sequences revealed putative trigger motifs in human kinesin, chicken gizzard smooth muscle myosin II and human skb-Tm . The consensus trigger sequence together with the corresponding putative trigger sequences present in all human Tm isoforms are shown in Fig. 1 .
This section of sequence is in the constitutive exon 7 and 8 of each tropomyosin gene so is identical in all isoforms expressed from the respective gene. All Tms have the conserved sequence but the skb sequence is the closest 1 The nomenclature of the genes and proteins can be confusing as the traditional protein names continue to be used alongside the more recent nomenclature based on the genes involved. There is no broadly-based systematic nomenclature that has wide agreement. Here we will use the traditional protein nomenclature and cross reference to the more recent names (see Fig. 1 in Gunning et al. (2008) article in this issue of the journal).
to the consensus sequence. All four Tms have Thr in place of a charged residue at 237. Additionally all Tms except the b-Tm expressed from TPM2 diverge from the consensus at position 229 where Ser or Thr replace Glu. A novel dilated cardiomyopathy (DCM) mutation was recently discovered in this region (Lakdawala et al. 2010) . Substitution of negatively charged Asp at 230 for polar uncharged Asn in the f position of the heptad will not affect interactions across the dimer interface. However the Asn substitution might cause destabilization of the a-helix as native negatively charged Asp can form salt bridges with positively charged Lys-286 (i?4) and in the same chain. We are not aware if the stability of this mutation has been studied experimentally.
We re-examined the sequences of human Tms and found that most Tms have at least one other region containing the putative trigger sequence with two or fewer mismatches. Skb-Tm (from TMP2, constitutive exon 5) and d-Tm (TPM4, exon 5) both have a 100 % match in the region V170-E181. A region of the constitutive exon 8 and the alternatively spliced exon 9 of TPM1, TPM3 and TMP4 all define closely related protein sequences with one (A247-K259, TPM3 and TPM4) or two mismatches (D254-K266, TPM1). Thus there appear to be at least two such sequence in many of the human Tms.
The role of the trigger sequence in Tm assembly has not been fully established and there is significant evidence that the sequence identified by Kammerer et al. is not essential. A recent study (Hodges et al. 2009 ) showed that deletions of various N-and C-fragments do not affect dimer assembly but do dramatically decrease the thermal stability. This study led to the identification of a different region called the stability control region (97-118) which does not mediate folding/assembly but is crucial for the final protein stability. It is probable that any short amino acid sequence able to stabilise an alpha helix (hydrogen-bonding and salt bridge network) and promote dimer, hydrophobic core interactions will lead to the formation of a coiled-coil (Hodges et al. 2009; Kirwan and Hodges 2010; Steinmetz et al. 2007 ).
The role of trigger sequences in low molecular weight fibroblast tropomyosins Tm-4 and Tm-5 (NM-1) was studied by Araya et al. (2002) who concluded that the sequence was required for the formation of Tm-4 homodimers but not for the formation of heterodimers between Tm-4 and Tm-5 (Araya et al. 2002) .
Assembly of Tm heterodimers in vitro
Chicken gizzard and frog skeletal muscle Tms preferentially form ab heterodimers For some muscles such as chicken gizzard smooth and Rana esculenta skeletal muscle, the fraction of b/a Tm chains present in vivo approaches 1, and equal amounts of b and a were also found in Rana temporaria frog skeletal muscle (Hvidt and Lehrer 1992; Lehrer et al. 1989) . In these muscles the predominant species of Tm is the heterodimer, ab, rather than an equal mixture of aa and bb or that expected for random assembly of two monomers, a statistical mixture of 50 % ab and 25 % of each homodimer. For R. esculenta (Hvidt and Lehrer 1992; Lehrer et al. 1989 ) and chicken gizzard Tms (Lehrer and Qian 1990; Lehrer and Stafford 1991) it was shown in vitro that under physiological conditions an equal mixture of homodimers slowly converts to heterodimers. Thus, if homodimers are formed first in biosynthesis, they would convert to heterodimers over time. In these cases the explanation for the predominance of heterodimers appears to be a thermodynamic one, so no biological factors need be invoked to promote heterodimer formation. The preference of heterodimers over homodimers can be determined from an equilibrium thermodynamic analysis of the reaction 2ab $ aa ? bb. The equilibrium constant (Keq) for this exchange reaction is given by 
Consensus sequence x x L E x c h x c x c c x Fig. 1 Sequence alignment of the putative trigger motifs from exon7 and 8 of the four human TPM genes. Lower case letters indicate heptad position; residues matching consensus sequence are in bold; x, any residue; c, charged residue; h, hydrophobic residue, residue in bold square indicates the position of recently discovered dilated cardiomyopathy (DCM) mutation Asp230Asn in ska-Tm
where the K's are individual dissociation constants. At a given temperature, ab will be preferred over a mixture of aa and
. It thus appears that ab forms at temperatures where bb is relatively unstable in order to minimize the total free energy. A similar explanation was used to explain the formation of heterodimeric leucinezipper coiled-coils (O'Shea et al. 1989) .
Chicken gizzard aTm (GG) is much less stable than rabbit skeletal aTm (RR) with T 1/2 = 40 and 45°C, respectively, in 0.5 M NaCl, 5 mM Hepes pH 7.3 (Fig. 2) . To test the ideas presented above with some novel experiments, a mixture of rabbit skeletal aTm ? chicken gizzard aTm homodimers (RR?GG, respectively) was thermally unfolded. If thermodynamics apply, the unfolding curve should first follow the unfolding/dissociation of GG homodimer and as the temperature is raised, the more stable RR should then chain exchange with the unfolded G to form heterodimer RG, if the rate is not too slow. The unfolding should then follow a new curve representing the unfolding/dissociation of RG heterodimer. This is what was observed (Fig. 2) . On cooling slowly from unfolded chains, RG was refolded and not RR?GG as seen from the refolding profile. Kinetic studies showed that for conditions noted in Fig. 2a , b at 40°C, RG is formed with a half-time of 12 min from a mixture of RR?GG. Thus, at physiological temperature, heterodimers of rabbit skeletal Tm and chicken gizzard Tm are produced from mixtures of these two different Tms. The heterodimer RG has an intermediate thermal stability between that of RR and GG. To further verify the exchange, the heterodimers thus formed were disulfide cross-linked with DTNB at Cys 190 (Lehrer 1975) . The R-R, G-G and R-G dimers can be identified on SDS-gels because of their different mobilities. To prove that RG was formed, RR, GG and a mixture of RR?GG were cross-linked, before and after the CD heating/cooling run (Fig. 2) . Cross-linked R-G bands with intermediate mobility were produced with intensity much more than twice that of R-R or G-G (Fig. 2c) . These data show that coiled-coil Tms from different species can preferentially form heterodimers if their stabilities are sufficiently different simply as a consequence of thermodynamics. Of course, there may be other requirements, e.g., Tms of different lengths may not be stable enough to form heterodimers, chaperones may be used in certain cases.
It should be noted that, in contrast to the chicken gizzard muscle sm-Tm described above, a significantly larger Fig. 2 a Helix unfolding of gizzard a-Tm (GG), rabbit skeletal a-Tm (RR) and an equal mixture of GG?RR. Note that: (1) GG is less stable than RR; (2) in the mixture, GG starts to unfold first, but at 39°C refolds with a different profile from GG or RR; (3) on slow cooling and reheating (left right arrow) this intermediate stability is maintained. b Helix unfolding of dimers of rabbit skeletal a-Tm (RR) and chicken gizzard a-Tm (GG) and the product (RG) after the heating/cooling cycle of RR?GG. RG is not an equal mixture of RR and GG. c Gels of DTNB-cross-linked samples of rabbit skeletal aTm (R) and chicken gizzard a-Tm (G). RR?GG mixtures were treated at room temperature with 1 mM DTNB for several hours before and after thermal unfolding/refolding (see CD run). Conditions: 0.03 mg/ml Tm in 0.5 M NaCl, 5 mM Hepes buffer pH 7.3 fraction of the total Tm found in mammalian vascular smooth muscle is a-Tm and that the a-and b-Tm do not always co-localise (Gallant et al. 2011; Yamaguchi et al. 1984) . Gallant et al. (2011) show by immunofluorescence and western blots that the majority of Tm in mammalian arterial tissue is sma-Tm which means that the ab-Tm heterodimer cannot be the only Tm dimer present. In fact the two Tm isoforms associate to a different extent with distinct actin populations. The major cytoplasmic b-actin immunoprecipitated with mostly a-Tm while the dynamic peripheral c-actin precipitated predominantly with b-Tm. In contrast, the muscle specific contractile a-actin does co purify with similar amounts of a-and b-Tm. Which Tm dimers are present in any of the three actinÁTm populations is not known, but since both sma-and smb-Tm are present the contractile a-actin filament could contain ab-Tm as seen in chicken gizzard muscle. It remains to be defined how these Tm isoforms, and the other cytoplasmic Tm isoforms, recognise specific actin populations and/or regions of the smooth muscle cell (See below and Gunning this issue).
Mammalian skeletal and cardiac muscle Tm form mixed homo and heterodimers in vitro
Mammalian fast skeletal and cardiac tissues express variable ratios of a-and b-Tm and assemble as aa and ab dimers. The assumption was therefore that the dimer assembly would be similar to smooth Tm with a strong preference for ab dimers. The expression level of b-Tm would then control the levels of aa vs ab present in tissue. But a study of assembly of sk-Tm using E. coli expressed Tm (carrying the Ala-Ser N-terminal extension to mimic acetylation (Monteiro et al. 1994) ) showed a small preference for homodimer assembly. Chain exchange studies starting with equal amounts of aa and bb result in the formation of *20 % ab heterodimers and 40 % each of aa and bb at room temperature equilibrium (Kalyva et al. 2012) . If the level of b expressed is low then random assembly of the more stable ab will limit the formation of any bb. However as the a:b ratio approaches 1 then some assisted assembly process, possibly involving chaperones, may be required to ensure that b-Tm only assembles as ab.
The expression of multiple cytoplasmic Tm isoforms in both muscle and non-muscle cells make an understanding of the formation of Tm heterodimers in vivo a much more complex issue than it is in vitro. The possibility of heterodimer formation amongst cytoplasmic Tms has not been explored in any detail in vitro. Studies on human fibroblasts (Novy et al. 1993 ) and mammalian vascular smooth muscle cells (Gallant et al. 2011) showed expression of multiple Tm isoforms. In the latter at least five low molecular weight and high molecular weight isoforms were observed. Cross-linking studies in situ and in vitro could provide some information about the heterodimer species present (Bronson and Schachat 1982) . Using pull-down assays Gimona et al. (1995) demonstrated that expression of ska, sma or skb -Tm in rat fibroblasts resulted in formation of heterodimers with any of the high molecular weight Tms present in the cell (namely Tm1, Tm2 and Tm3), but not with the shorter Tms, Tm4 (fromTPM4), Tm5a orTm5b (from TPM1) (Gimona et al. 1995) . Thus the potential to form heterodimers is clearly present in cells, and the type of dimers formed may depend on the expression levels as well as any controlled assembly process.
The expression levels of different Tm isoforms in striated muscles is associated with the type of muscle, location within the body, developmental stage (Muthuchamy et al. 1993 ) and presence of pathological muscle impairments such as cancer (Gunning et al. 2008) or heart failure . Fast-twitch skeletal muscles (rabbit psoas) express ska-Tm and skb-Tm in a 60:40 % ratio predominantly as skab-Tm heterodimer (Lehrer 1975 ) whereas rabbit slow-twitch skeletal muscles (semimembranosus) contain 5 % of the specific slow muscle isoform skaslowTm (a skas-Tm from the TPM3 gene in humans) in addition to ska-Tm and skb-Tm (Kopylova et al. 2013) . The proportion of skaslow-Tm in slow muscles varies considerably; 44 % present in rat soleus and 41 % in dog gastrocnemius muscles (Bicer and Reiser 2013) . The heterodimers present in slow muscle have not been defined.
Adult human heart extracts are reported to contain a majority of the ska1-Tm isoform and up to 20 % of skbTm isoform present as ab-Tm heterodimer (Leger et al. 1976) . However, other studies using tropomyosin extracted from human ventricle identified the presence of only ska1-Tm isoform (Purcell et al. 1999) . A more recent study identified a different human cardiac isoform ska1-1 Tm, or j-Tm, that accounts for up to 5 % of heart tropomyosin ). This isoform is also expressed from TPM1 and is identical with Tmska1, except for the substitution of exon 2b, found in skeletal muscle a-Tm, for exon 2a, found in smooth muscle aTm.
Functional differences between Tm homo and heterodimers
The diversity of Tm isoforms expressed in various tissues and the ability to shift the specific ratio between Tm isoforms raise important questions of:
1. Are there preferences in dimer formation between ska-, skb-and ska2-Tm in skeletal and ska, skb and ska1-1 Tm isoforms in cardiac tissues? 2. Is there any preference in how the isoforms assemble on to actin filaments?
3. What are the functional differences between these dimeric Tms (both homo-and heterodimers)?
Understanding the different roles of aa vs ab-Tm dimers is therefore important if we want to understand why the isoform ratio varies in different mammalian tissues.
The differences between aa, bb and ab-Tms were first addressed for sm-Tm since the a and b isoforms could be separated or expressed in E. coli (with or without an AlaSer N-terminal extension to mimic acetylation (Monteiro et al. 1994) ) and recombination of the a and b results in exclusively ab dimers as described above.
In contrast, studies of the functional role of striated muscle ab-Tm heterodimers have been hindered due to the difficulties in tissue purification and in the reconstitution of recombinantly expressed samples. Firstly there is no mammalian skeletal muscle containing purely ab-Tm heterodimers; therefore any tissue purified material results in a mixture of aa-and ab-Tm. Although separation of the aa and ab-Tm dimers is possible on hydroxyapatite column (Eisenberg and Kielley 1974) , it is not always reproducible. Secondly the mixture of recombinantly expressed striated aa-and bb-Tm homodimers after heating treatment, required for a chain exchange, resulted in the mixture of homo-(aa, bb) and heterodimers (ab).
We resolved the purification problems simply by introduction of an N-terminal affinity tag (His or Strep) on the bacterially expressed skb-Tm. Isolation of the singly tagged ab-Tm was then possible from the zero tagged aa-or double tagged bb-Tm using Ni affinity chromatography. The tag was proteolytically cleaved after purification allowing the study of the properties of native-like Tm (Kalyva et al. 2012) . Table 1 lists the affinity for actin of both sm-and sk-Tm dimers. The affinity of the sk-Tm aa and ab dimers for actin are much weaker than those of smTm but the two bb dimers are of the same order. Ska-and sma-Tm mRNA differ at the C-terminal exon and two internal exons (2 and 6) while b-Tm differs at the C-terminal exon and exon 6. The head-to-tail overlap of dimers is essential for the headto tail-polymerisation of Tm on actin (Frye et al. 2010; Greenfield et al. 2006) . Swapping just the residues encoded by the C-terminal exons (Cho and Hitchcock-DeGregori 1991) or just the last 10 amino acids at the C-terminus (Coulton et al. 2008 ) is sufficient to swap the affinities of sk and sm homodimers. This suggests the internal exons play a minor role in defining the differences in affinity between smooth and skeletal muscle isoforms. For sm-Tm the affinity for actin was similar for aa and ab but 10-fold weaker for bb-Tms. In contrast for the sk isoforms all three dimers had a similar affinity (0.13-0.36 lM) for actin with bb being tightest and ab the weakest. It should be noted that in the striated muscle cell the affinity of sk-Tm for actin is enhanced by the binding of the TnT1 part of troponin T to the Tm-Tm overlap region. The difference in affinity for actin between aa and ab for both sm and sk-Tm are not sufficient to have any major influence of the preferential binding of aa over ab.
Thermal unfolding assays were performed with Tm heterodimers. To ensure that changes in the population of heterodimers were not occurring after unfolding and refolding, the assays were performed with both reduced or cross-linked Tm (oxidation of at Cys 190 in aa or ab Tm and at both Cys 36 and 190 for b chain; (Lehrer and Stafford 1991) ). In all cases the ab Tm has intermediate stability between that for the aa and the less stable bb. But note the corresponding melting curves, indicating that the heterodimer was not simply the arithmetic mean of the two homodimer melting curves, but has its own distinct thermal properties. See Fig. 3 and Kremneva et al. (2004) .
As a final test of the differences between Tm dimers the calcium regulation of myosin S1 myosin binding to reconstituted cardiac thin filaments was measured. These assays showed no detectable differences in the way the three Tm dimers influenced myosin binding to actin (Kalyva et al. 2012 ). The results presented in Kalyva's study showed that it is not simple to define the functional differences between skaa and skab, nor is it possible to explain why there are different ratios of aa and ab in different cells. What is clear is that the biochemical properties of Tm heterodimers cannot be derived from the mean properties of the two homodimers.
The work of Kalyva did not report the effect of the Tm dimer on calcium sensitivity. In an earlier work Boussouf et al. (2007) used only the aa and bb-Tm homodimers and reported that in the presence of cardiac Tn the mid-point of the pCa curve was shifted by ?0.2 pCa units for bb-Tm compared to aa-Tm, viz. there was an increase in calcium sensitivity. In contrast note the Tm isoform had no effect on calcium sensitivity when assembled with skeletal muscle Tn. The calcium sensitivity of the ab-Tm needs to be defined to understand the physiological effect of the isoform mix. Actin binding affinity (K 50% ) was derived for the fit of the Hill equation to data (n = 3; ±SD). The sm-Tm data are from Coulton et al. (2008) , and sk-Tm data are from Kalyva et al. (2012) In vivo studies of mouse hearts have explored the effect of alterations in the ratios of Tm isoform expressed. The adult mouse heart normally expresses only a-Tm. Over expression of b-Tm or skaslow-Tm (up to 50 % of total Tm) results in no changes in heart or cell morphology but there are changes to the cardiac performance. These include changes in the rates of relaxation and a shift in the calcium sensitivity which both go in opposite directions for the skb-and skaslow-Tms . Results of studies in transgenic mice can be more complex due to associated changes in the expression of other cardiac protein isoforms and alterations in protein phosphorylation levels. However, the data of Jagatheesan et al. do point to a change in properties of the thin filament linked to the Tm isoform composition. The changes in calcium sensitivity need to be examined for purified thin filaments to establish that this is due solely to the change in Tm isoform.
Tm with a mutation in one chain
Both hypertrophic and dilated cardiomyopathies (HCM and DCM respectively) are complex disorders of the heart caused, in many cases, by simple single-point missense mutations in various sarcomeric proteins. To date, there are 11 HCM and 4 DCM mutations associated with the TPM1, ska-Tm gene (Kalyva et al. 2012; Lakdawala et al. 2010; Olson et al. 2001; Regitz-Zagrosek et al. 2000; Wieczorek et al. 2008) ; and none with the TPM2 b-Tm gene. (Although there are skeletal muscle myopathies associated with the TPM2 gene (Mokbel et al. 2013; Tajsharghi et al. 2012) ). These autosomal dominant mutations in Tm cause remodelling of the heart wall and can result in arrhythmias which can lead to sudden cardiac death or heart failure (Seidman and Seidman 2001) .
As mentioned previously, human heart express a majority (90 %) of ska-Tm isoform (Kopylova et al. 2013; Leger et al. 1976 ). In cardiomyopathy affected individuals, due to their heterozygous background, cardiac cells are expected to express both WT (a-Tm chains) and the mutation (a*-Tm chain). Thus the presence of aa, aa* and a*a*-Tm dimers may be expected to occur. In fact the ratio of Tm mutant to WT monomers expressed within the myocardium differ depending upon age, location and progression or/and severity of the disease. The presence of other Tm isoforms in cardiac tissue increases the number of possible Tm dimers. Thus ab; a*b may also be expected. The ability of the j-Tm to form dimers (aj; a*j; bj) has not been assessed. In considering the progression of the cardiomyopathy the role of the different dimers must also be considered. The properties of Tm heterodimers carrying a single copy of the mutation had not been explored due to lack of a reliable method for their formation in vitro just as for ab-Tm. We have used the same tagging method as used for ab-Tm (Kalyva et al. 2012 ) and optimized it for the formation and purification of the aa*-Tm heterodimer carrying either Asp175Asn or Glu180Gly HCM mutations (Janco et al. 2012) . The biochemical and biophysical properties of both Asp175Asn and Glu180Gly Tm homodimers have been widely studied and are well established in vitro (Golitsina et al. 1997; Kalyva et al. 2012; Kremneva et al. 2004; Li et al. 2012) and key data are summarized in Table 2 together with the more recent heterodimer data.
In vitro assays of HCM Tm homodimers showed decreased thermal stability in E180G while D175 N homodimers were indistinguishable from WT-Tm (Kremneva et al. 2004 ). The heterodimer unfolding profile for the cross-linked E180G proteins is shown in Fig. 3 and demonstrates that the heterodimer has intermediate stability between the two homodimers at *30-35°C but all three are identical at higher temperatures. The D175 N was again identical to both homodimers. An electron microscopy study showed that E180G and D175 N-Tm mutations both caused a *20 % reduction in persistence length of the protein presumably due to an increase in local and global bending flexibility (Li et al. 2012) . We present here novel data on the persistence length of heterodimers using the same approach as for homodimers (Table 2) . D175N-and E180G-Tm heterodimers are both indistinguishable from their respective homodimers.
The affinity of Tm for actin was reduced by the mutations. In the case of both D175N and E180G the affinity of homodimer for actin was weaker than the WT (approximately two to threefold) which is consistent with the observed reduction in persistence length. In contrast the D175N heterodimer was indistinguishable from WT while the E180G heterodimer was intermediate between the WT and E180G homodimers.
When the Tm carrying HCM mutations were assembled into actin filaments with human cardiac Tn, both homo and heterodimers of D175N-Tm caused an increase in the calcium sensitivity (*?0.1 pCa units) of the rate of myosin binding to actinÁTmÁTn. These assays are a measure of the calcium induced change in accessibility of the actin sites to myosin (McKillop and Geeves 1993) . The change in calcium sensitivity observed is consistent with measurements using D175N Tm homodimers in motility assays and muscle fibre force measurements (Bing et al. 1997; Muthuchamy et al. 1999) . In contrast E180G homodimers caused a slightly larger increase in calcium sensitivity (?0.14 pCa units) and the heterodimer was not distinguishable from WT (B?0.03 pCa units).
Understanding how the point mutations (in homodimers as well as heterodimers) alter Tm function is difficult without a high resolution structure. The role of the mutations in the homodimers has been discussed by the authors mentioned above. The two negatively charged residues D175 and E180 are in the e and g position of the heptad repeat respectively where they could make stabilizing interactions across the dimer interface (Li et al. 2012) . This is possible for E180 Tm, where R182 is in the g 0 position in the opposite Tm chain. Loss of one or both of these contacts could account for the loss of thermal stability in the E180G-Tm homo and heterodimer. The corresponding residue in the partner chain for D175 is G173 so no interchain interaction is expected and no change in thermal stability is observed. The e and g positions of the heptad are on the surface of the Tm dimer and therefore can interact directly with the partner proteins actin and troponin. Modelling studies suggest that neither D175 nor E180 makes a direct contact with actin but E180 is part of cluster of three glutamate residues (in the region 180-184) and the other two residues are predicted to make contact to actin and could be influenced by a charge change at position 180. Both the D175 and E180 residues are close to a potential interaction site with the troponin IC-T2 complex and could therefore affect both Tn binding to Tm and calcium binding to Tn.
The difference between the homo and heterodimer is that the introduction of a different chain (in ab-Tm) or a point mutation in one chain (aa*-Tm) changes the aa-Tm from being almost symmetric to asymmetric which means partner proteins can potentially bind to two different faces of Tm. This is simple to imagine for a monomeric binding partner such as Tn in which there can be a preferred orientation of the TmTn complex (see Fig. 4 ). For Tm interactions with actin it is a little more complex, e.g. the loss of a charge on the surface of Tm may impose a preferred orientation of Tm on actin but this has to be compatible with the orientation of Tm imposed by the TmTm contacts. For ab-Tm there could be an imposed preference for the orientation of ab-Tm on actin by an asymmetry in the head-to-tail overlap which could be reinforced or opposed by a mutation affecting a down-stream actin binding contact. Bacchicchio et al., using a fluorescence based assay with chicken smooth muscle Tm, reported that smaa-and smab-Tm did indeed have a preferential orientation on actin (Bacchiocchi et al. 2004 ).
Assembly of Tm on to actin-heterogenous Tm on the filament
Tropomyosins can assemble into head-to-tail into polymers via a small overlap of the two pairs of ends of about 10 amino acids. This polymerisation process can be observed in vitro via changes in the viscosity of the solution. Both NMR and crystal structures of the overlap region are available (Frye et al. 2010; Greenfield et al. 2006) showing insertion of the N-terminal coiled-coil between a slightly splayed C-terminal region. The same head-to-tail interaction is central to the polymerisation of Tm on the surface of actin and is the main driver of actin binding. The N-terminus can be alternately spliced between 2 forms (exon 1a and 1b) for three of the four TPM genes. Exon 1a, together with exon 2, is used for HMW Tms while exon 1b is used for LMW Tms. For the C-terminus there are four alternate exons for TPM1 and TPM3, two exons for TPM2 and one in TMP4. Thus there is scope for the alternate N and C-termini to preferentially find a specific binding partner. However, experimental evidence for or against specific binding pairs is not available. In vitro co-polymerisation of different Tms can occur as between skaa and skab-Tm.
Where different Tm isoforms with identical N and C termini are expressed then the potential for co-polymers is present. However, the gestalt theory (Holmes and Lehman 2008) of Tm binding to actin in which the Tm shape is matched to the track of Tm on the actin surface, may allow internal exons-through alterations in the shape of Tm, or the exact match with the actin surface in different actin isoforms, to preferentially select specific Tm isoforms. Similarly, in the cell, the initiation of actin assembly of specific actin isoforms via actin binding proteins such as formins (Goode and Eck, 2007) may preferentially recruit a specific Tm isoform to the site of polymerisation. Tm-Tm contacts may then continue to select for specific Tm isoforms to populate/propagate the TmÁactin filament.
In vitro studies of the different Tms binding to actin are possible in bulk solution using competition binding experiments. Alternatively, it could be done by examining how effective Tm isoforms are at displacing each other from actin. But the only way to establish clearly the extent to which Tm isomers co-assemble is through fluorescence labelling of individual Tm dimers and using high resolution single molecule fluorescence methods to look at coassembly. If we want to understand the role of different Tm isoforms in cell architecture such studies will be required.
The role of Tm isoforms in the formation of dimers and actin filaments has only just begun to be revealed. It remains to be seen how much the Tm is a major or minor player in the complex dance that is the basis of the dynamics of cytoskeleton architecture. 
